Background: Circular RNAs (circRNAs) which are shown as a class of RNAs exhibit the importance in the regulation of gene expression and the development of biological process. However, the expression profile and molecular mechanism of circRNA ATXN7 (circATXN7) is still mostly uncertain in gastric cancer (GC).
Background
Gastric cancer (GC) is a common type of malignancies in gastrointestinal part of human body, and is the leading cause of death that related to cancers [1] . Due to the improvement of medical level in recent years, a stable decrease was showed in the occurrence and mortality of GC. However, this cancer still poses a great threat to human health with an unsatisfactory long-term survival rate [2] . Consequently, discovering the novel biomarkers and critical molecular mechanisms is indispensable to develop potent therapy for the patients with GC.
Circular RNAs (circRNAs), characterized as a covalently closed loop, is a group of endogenous RNAs that has no ability of coding proteins, and generated from back-splicing [3] . Besides, circRNAs expression are more stable than their linear counterparts on account of their
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Cancer Cell International *Correspondence: hongji9165207662@163.com Department of Gastroenterology, The Second Hospital of Shandong University, No. 247 Beiyuan Street, Jinan 250033, Shandong, China loop feature, and the sponge effect of circRNAs was more potent than that of linear RNAs [4] . Furthermore, it was revealed that circRNAs are involved in regulating the tumorigenesis and development of malignancies [5] . For example, circPVT1 was identified as a factor for proliferation and a biomarker for prognosis in GC [6] . Meanwhile, circSMARCA5 which responded by androgen is overexpressed in prostate cancer and enhances the proliferation [7] . Furthermore, circMTO1 suppresses the progression of hepatocellular carcinoma by acting as microRNA-9 sponge [8] . In the past years, circRNAs were hypothesized to be the competing endogenous RNA (ceRNA), competitively combining with miRNAs and regulating mRNAs, including GC [9] . For instance, circMYLK, as a ceRNA, promotes the tumor growth and metastasis of bladder cancer via regulating VEGFA/VEGFR2 signaling [10] . CircDOCK1 restrains the apoptosis of oral squamous cell carcinoma via inhibiting miR-196a-5p and targeting BIRC3 [11] . In addition, circLARP4 was reported to inhibit GC cell proliferation and invasion by regulating miR-424-5p/LATS1 axis [12] . Although circRNA circATXN7 has been unveiled to be dramatically upregulated in tissues and cells of non-small cell lung cancer and facilitates the progression of this cancer [13] , its specific performance in GC remains unknown. Thus, exploring the biological function and molecular mechanism of circATXN7 in GC is of great meaning for developing a novel biomarker for GC treatment.
This study was devoted to investigating the specific role of circATXN7 in GC. According to the results of this research, we found that the circATXN7/miR-4319/ ENTPD4 axis effectively affected the proliferation, apoptosis and invasion of GC, which offered an effective diagnostic and therapeutic method for GC.
Human tissue samples
30 GC samples and matched non-tumor tissues were collected from patients who received treatment at the Second Hospital of Shandong University from May 2013 to June 2018. Fresh GC samples were frozen in liquid nitrogen and stored at − 80 °C. No treatments were performed on patients before this study. Written informed consent was signed by every patient, the study protocol was accepted by the Ethics Committee of the Second Hospital of Shandong University.
Cell culture
The gastric cancer cells (MGC-803, SGC-7901, MKN-45, AGS, BGC-823) and gastric epithelial cell (GSE-1) were obtained from Chinese Academy of Sciences (Beijing, China). These cells were cultured in DMEM medium (Thermo Fisher Scientific, Waltham, USA) plus 10% fetal bovine serum (FBS; Thermo Fisher Scientific), 100 U/mL penicillin (Sigma-Aldrich, Milan, Italy) and streptomycin (Sigma-Aldrich). Cells were cultivated under conditions (37 °C, 5% CO 2 ). Medium was changed every 3 days.
Cell transfection
When cells were passaged at 70-80% confluence, cells were placed into 6-well plates. AGS and MGC-803 cells were transfected with shRNAs against circATXN7 (shcircATXN7#1/2) and their negative controls (sh-NCs). The pcDNA3.1/ENTPD4 and the empty pcDNA3.1 (+) circRNA Mini Vector were bought from Invitrogen (Carlsbad, California, USA). The miR-4319 mimics, NC mimics, miR-4319 inhibitor were purchased from Invitrogen. After transfection, cells were gathered.
Actinomycin D (actD) and RNase R treatment assay
In order to block transcription, Actinomycin D or dimethylsulfoxide (Sigma-Aldrich) as negative control was added. For RNase R treatment assay, total RNA was cultivated for 30 min with or without 3 U/μg of RNase R (Epicentre Technologies, Madison, USA). After treatment, qRT-PCR analysis was employed to evaluate the expression levels of circATXN7 and ATXN7mRNA.
Quantitative real-time PCR
The assay was conducted as previously [14] .
Cell proliferation assay
Cells were plated in 96-well plates under a density of 1 × 10 3 cells each well in RPMI 1640 culture and cultivated over 24, 48, 72 or 96 h. Ten microliters CCK-8 (Sigma-Aldrich) were added and cultured for further 4 h. The absorbance was recorded at 450 nm using microplate reader (Nikon, Tokyo, Japan).
Transwell invasion assay
After treatment, MGC-803 and AGS cells in the medium of serum-free were placed in the top chamber (Corning, Steuben County, New York, USA), which was pre-coated with Matrigel (Franklin Lakes, NJ, USA). 10% FBS was added into the basolateral chamber. Remaining cells were fixed with paraformaldehyde (Solarbio) and stained with crystal violet (Solarbio). The invaded cells were counted in five random fields by light microscope (Nikon).
Flow cytometry analysis
The apoptosis of AGS and MGC-803 cells was detected by using Annexin V-FITC Apoptosis kit (MultiSciences, Shanghai, China). Briefly, the apoptosis cells were cleaned with PBS (Solarbio) and suspended. After, cells were fixed with 70% ethanol which was cooled by ice. Finally, the rate of flow cytometry was evaluated.
Colony formation assay
Transfected cells were seeded in a 6-well plate and the medium for cultivation was replaced every 3 days. After incubation for 2 weeks, cells of MGC-803 and AGS were first fixed using methanol (Solarbio) and then dyed by crystal violet (Solarbio). Lastly, cells were counted by naked eyes.
TUNEL assay
MGC-803 and AGS cells were plated in 24-well flat-bottomed plates under density of 1 × 10 5 cells each well, and cells were fixed in paraformaldehyde (Solarbio). TUNEL staining was detected by using the in situ cell death detection kit (Roche), and DAPI was applied to stain the nuclei. The rate of apoptosis cells were recorded via a fluorescence microscope (Nikon).
EdU proliferation assay
The EdU proliferation assay (RiboBio, Guangzhou, China) was used to determine the influence on cell proliferation. Cells were incubated with 50 μm EdU for 2 h and dyed with Apolo and Hoechest 33342 (Beyotime, Shanghai, China), then EdU-positive cells was detected by fluorescence microscopy. The positive rate of EdU was expressed as the ratio of the amount of EdU positive cells to the total DAPI chromogenic cells.
Subcellular fractionation
Cytoplasmic and nuclear RNA were isolated using PARIS ™ Kit (Ambion, Austin, TX, USA). The procedures were performed as before [15] .
Fluorescence in situ hybridization (FISH)
AGS and MGC-803 cells were washed by PBS and then fixed in 4% formaldehyde. Further, cells were permeabilized with PBS which containing 0.5% Triton X-100, then cleaned with PBS again. After nucleus staining by Hoechst, images were collected via a confocal microscopy (Leica TCS SP8).
In vivo assay
In vivo assay was performed following the laboratory animal guideline for ethical review of animal welfare. MGC-803 and AGS cells were injected into nude mouse. Finally, the mice were killed and their tumors were photographed. The tumor volume and weight were calculated. These experiments gained ethical approval from Laboratory animal welfare committee.
Luciferase reporter assay
The wild-type predictive binding sites and mutant binding sites circATXN7/ENTPD4 with miR-4319 were subcloned into pmirGLO dual-luciferase vector to construct circATXN7-WT/ENTPD4-WT and circATXN7-Mut/ ENTPD4-Mut. Then the plasmids were co-transfected with miR-4319 mimics into AGS or MGC-803 cells. The luciferase activity was detected after 48 h.
Immunohistochemistry
The steps of assay were conducted the same as before [16] .
RIP assay
Based upon the indicated protocols, the Magna RIP RNA-binding protein immunoprecipitation kit (Millipore, Billerica, USA) and the Ago2 antibody (Abcam, Cambridge, UK) were employed to conduct RIP experiment. Co-precipitated RNAs were analyzed by RT-qPCR analysis.
RNA pull-down assay
GC cells were transfected with biotinylated miRNA, and we made cells gather after transfection. M-280 streptavidin magnetic beads (Invitrogen) helped us to cultivate the cell lysates. The purified RNA was detected using RTqPCR analysis.
Statistical analysis
Data from three independent experiments were denoted as mean ± SD. Statistical analysis was conducted using the SPSS (SPSS Inc., Chicago, IL, USA) and GraphPad Prism 5 software (GraphPad Software, San Diego, CA). Significance of the variance was evaluated by Student's t test or ANOVA. Overall survival of GC patients by Kaplan-Meier analysis and Pearson's correlation analysis found the correlation. P < 0.05 has statistically significance.
Results

The expression and characteristics of circATXN7 in GC
Firstly, the expression of circATXN7 in GC tissues and cell lines (MGC-803, SGC-7901, MKN-45, AGS, BGC-823) was detected. The matched non-tumor tissues and gastric epithelial cell (GSE-1) were used as the control, respectively. Results depicted that whether in GC tissues or in GC cell lines, circATXN7 expression was evidently upregulated (Fig. 1a, b) . Later, the genomic loci of the ATXN7 gene and circATXN7 were illustrated in Fig. 1c . Further, agarose gel electrophoresis was used to verify the specificity and accuracy of circATXN7 qRT-PCR products from MGC-803 and AGS cells. As a result, circATXN7 amplified by divergent primers in cDNA but not in gDNA (Fig. 1d) . Next, circATXN7 stability was analyzed after MGC-803 and AGS cells were treated with Actinomycin D. The result indicated that circATXN7 was more stable than linear ATXN7 (Fig. 1e) . In accordance of the results from qRT-PCR analysis, we found that circATXN7 resisted to digestion after the treatment of RNase R exonuclease in comparison with the linear RNA ATXN7, which further indicated that circATXN7 possessed a loop structure (Fig. 1f ) . In addition, the survival curve delineated that high circATXN7 expression led to a worse prognosis of patients with GC (Fig. 1g) . Further, clinical data uncovered that circATXN7 expression was closely related to TNM stage and pathological type (Table 1) . These data revealed the high expression and loop feature of circATXN7 in GC.
CircATXN7 promoted cell proliferation and invasion as well as suppressed apoptosis in GC
To probe the function of circATXN7 in GC, sh-circATXN7#1 and sh-circATXN7#2 were used to cut down circATXN7 expression (Fig. 2a) . Through CCK-8 assay and colony formation assay, in comparison with the control groups, the proliferative ability of MGC-803 and AGS cells was obviously restrained by silenced circATXN7 (Fig. 2b, c) . EdU assay was performed to further validate Fig. 1 The expression and characteristics of circATXN7 in GC. a The expression of circATXN7 in GC tissues and matched non-tumor tissues was detected by qRT-PCR. b The expression of circATXN7 in GC cell lines (MGC-803, SGC-7901, MKN-45, AGS, BGC-823) and one gastric epithelial cell line (GES-1) was detected. c The genomic loci of the ATXN7 gene and circATXN7. d Agarose gel electrophoresis was utilized to confirm circATXN7 specificity and accuracy in qRT-PCR products from MGC-803 and AGS cells. e qRT-PCR analysis was applied to assess the expression circATXN7 and ATXN7 RNA after treatment with Actinomycin D. f qRT-PCR analysis was applied to assess the expression of circATXN7 and ATXN7 RNA after treatment with RNase R. g The potential diagnostic value of circATXN7 was evaluated. **P < 0.01 the suppressive role of circATXN7 knockdown in cell proliferation (Fig. 2d) . Then, we applied flow cytometry and TUNEL analyses and found that circATXN7 silencing remarkably boosted the apoptosis of MGC-803 and AGS cells (Fig. 2e, f ) . Moreover, cell invasion capability was markedly weakened in sh-circATXN7#1/2 group compared with that in sh-NC group (Fig. 2g) . Taken together, circATXN7 downregulation inhibited the proliferation and migration as well as induced apoptosis in GC.
MiR-4319 was targeted by circATXN7, and repressed cell proliferation and invasion while boosted cell apoptosis in GC
Mounting studies displayed that circRNAs could function as a sponge of miRNAs to regulate gene transcription [17] . Based on nuclear-cytoplasmic fractionation and FISH assay, circATXN7 was mainly discovered in the cytoplasm (Fig. 3a) . Hence, we hypothesized that circATXN7 might be a ceRNA in GC. To find potential miRNAs sponged by circATXN7 in GC, starBase (http:// starb ase.sysu.edu.cn) was applied and 10 miRNAs were speculated. As presented in Fig. 3b , result from RNA pull-down assay suggested that only miR-4319 was dramatically enriched in circATXN7 probe group (Fig. 3b) . Therefore, we predicted that miR-4319 might be a downstream target gene of circATXN7 in GC. Later, a low level of miR-4319 was detected in GC tissues and cell lines through qRT-PCR (Fig. 3c, d) . We next overexpressed miR-4319 in MGC-803 and AGS cells with the use of miR-4319 mimics to conduct the follow-up experiments (Fig. 3e) . Through luciferase reporter assay, with the transfection of miR-4319 mimics, we found that the luciferase activity of wild type circATXN7 was considerably weakened, but that of mutant type circATXN7 showed no notable change (Fig. 3f ) . Furthermore, RNA pulldown assay verified that the enrichment of circATXN7 demonstrated a terrific increase in Bio-miR-4319-WT group rather than in Bio-miR-4319-Mut group (Fig. 3g) . We also found a negative relationship between circATXN7 and miR-4319 in tissues (Fig. 3h) . In addition, to explore the role of miR-4319 in GC, colony formation assay was applied to detect the proliferation of GC cells. And the result manifested that miR-4319 overexpression diminished the proliferative cells in MGC-803 and AGS cells (Fig. 3i) . And TUNEL assay implied that the promotive effect of miR-4319 mimics on cell apoptosis (Fig. 3j) . At last, the number of invaded cells was decreased by overexpression of miR-4319 (Fig. 3k) . Conclusively, miR-4319 was targeted by circATXN7, and repressed cell proliferation and invasion while boosted cell apoptosis in GC.
ENTPD4 was confirmed as a target gene of miR-4319
To further support ceRNA hypothesis, here, we explored the target gene of miR-4319. According to these databases (RNA22, TargetScan, PicTar, microT, miRmap), ENTPD4 was screened out (Fig. 4a) . By the use of qRT-PCR analysis, we found that ENTPD4 was conspicuously overexpressed in GC tissues and cell lines (Fig. 4b, c) . Then, the binding site between miR-4319 and ENTPD4 was predicted by starBase (Fig. 4d) . What's more, it was confirmed that ENTPD4 had a negative relevance to miR-4319 and a positive association with circATXN7 (Fig. 4e) . We performed luciferase reporter assay to certificate whether miR-4319 could bind to ENTPD4. Data elucidated that considerable reduction of luciferase activity was observed with co-transfection of miR-4319 mimics and ENTPD4-WT, but no notable difference in ENTPD4-Mut (Fig. 4f ) . Then, RNA pull-down assay further verified that miR-4319 combined with ENTPD4 (Fig. 4g) . In short, ENTPD4 was confirmed as a target gene of miR-4319.
The circATXN7/miR-4319/ENTPD4 axis regulated the proliferation, invasion and apoptosis of GC cells
To investigate whether circATXN7 involved in GC progression by sponging miR-4319 and regulating ENTPD4, a series of rescue assays were employed. We firstly reduced the expression of miR-4319 with miR-4319 inhibitor and overexpressed the expression of ENTPD4 with pcDNA3.1/ENTPD4 (Fig. 5a ). Fig. 2 CircATXN7 promoted cell proliferation and migration as well as suppressed apoptosis in GC. a The efficiency of circATXN7 knockdown was tested via RT-qPCR. b-d The effect of circATXN7 knockdown on cell proliferation was evaluated by CCK-8, colony formation and EdU assays. e, f Flow cytometry and TUNEL analyzes were applied to measure the effect of circATXN7 knockdown on cell apoptosis. g Transwell assay was conducted to determine the effect of circATXN7 knockdown on cell invasion. **P < 0.01
Then, cell proliferation in GC was examined. As expected, the proliferation of MGC-803 cells transfected with sh-circATXN7#1+miR-4319 inhibitor or sh-circATXN7#1+pcDNA3.1/ENTPD4 was significantly promoted in comparison with those transfected with shcircATXN7#1 ( Fig. 5b-d) . The apoptosis of GC cells was facilitated by sh-circATXN7#1, while the transfection of miR-4319 inhibitor or pcDNA3.1/ENTPD4 reversed the effect of sh-circATXN7#1 on cell apoptosis (Fig. 5e , f ). At last, it was certificated that miR-4319 repression or ENTPD4 overexpression could counteract the circATXN7 silencing-mediated suppression on cell invasion (Fig. 5g) . In a word, the circATXN7/miR-4319/ENTPD4 axis mediated the proliferation, invasion and apoptosis of GC cells.
CircATXN7 contributed to tumor growth of GC in vivo
Lastly, the effect of circATXN7 on GC tumor growth in vivo was explored. At first, MGC-803 and AGS cells transfected with sh-circATXN7#1 or sh-NC were subcutaneously injected into nude mice. After inoculation, the mice were killed and then xenograft tumors were extracted. As shown in Fig. 6a , the tumor weight was decreased in sh-circATXN7#1 group compared with that in sh-NC group. In addition, the reductive volume of GC tumors was observed in sh-circATXN7 group in contrast to sh-NC group (Fig. 6b) . Besides, the expression of Ki67 and ENTPD4 was decreased in circATXN7-depleted group (Fig. 6c) . Furthermore, knockdown of circATXN7 cut down lung metastasis node, hinting that circATXN7 deficiency could inhibit cell metastasis (Fig. 6d) . Besides, compared with that in GC patients with low expression of circATXN7, the expression of Ki67 and ENTPD4 in GC patients with high expression of circATXN7 was elevated (Additional file 1: Figure S1 ). All the above results disclosed that circATXN7 contributed to the GC tumor growth of GC in vivo.
Discussion
CircRNAs are a type of RNAs which is special for a covalently closed loop and could not code proteins [18] . Up to now, the biological function and mechanism of circRNAs still need to be explored in malignancies progression [19] . Highly conserved sequences and particular covalently closed circular construction formed the feature of circRNAs [20] . It was reported that circRNAs might be the underlying biomarkers to diagnose and cure a series of diseases due to the considerable functions they exerted on the development of diverse diseases, such as cancers [21, 22] . For example, upregulated circRNA hsa_circ_0000069 promotes colorectal cancer cell proliferation and metastasis [23] . What's more, circular RNA ciRS-7 is involved in the prognosis of lung cancer and drives its development [24] . Although circATXN7 has been confirmed as a tumor facilitator in non-small cell lung cancer [13] , its function in GC is still obscure. Here, we found that the expression of circATXN7 was upregulated in GC tissues and cells, and overexpressed circATXN7 resulted in worse prognosis. Additionally, it was discovered that circATXN7 boosted GC cell proliferation, invasion and suppressed cell apoptosis. Hence, we recognized that circATXN7 played oncogenic roles in GC. MicroRNAs (miRNAs) are a group of small RNAs with 22-24 nucleotides, short of proteins-coding ability and participated in the regulation of biological process [25] . For example, miRNA-135a plays tumor-suppressive role in inhibiting the proliferation of breast cancer cells [26] . MiR-183 is overexpressed in glioblastoma and promotes radioresistance by reducing the expression of LRIG1 [27] . MiR-200a, an upstream gene of FOXA2, promotes EMT process in endometrial cancer [28] . In this study, miR-4319 was predicted to possess binding capacity with circATXN7 through bioinformatics website, and then validated to bind with circATXN7 in GC cells. The suppressive function of miR-4319 on the development of prostate cancer [29] and breast cancer [30] has been uncovered, but the specific role of miR-4319 in GC and the effect that the interaction of circATXN7 with miR-4319 on GC progression remain unclear. In this research, a low level of miR-4319 was detected in GC tissues and cells. Furthermore, miR-4319 was confirmed to be targeted by circATXN7 and negatively associated with circATXN7. In addition, miR-4319 inhibited cell proliferation, invasion and enhanced cell apoptosis in GC. Conclusively, miR-4319 Fig. 3 MiR-4319 was targeted by circATXN7, and repressed cell proliferation and invasion while boosted cell apoptosis in GC. a The cellular localization of circATXN7 in GC cells was determined by nuclear-cytoplasmic fractionation and FISH assays. b RNA pull-dwon assay was applied to screen out the potential miRNAs for circATXN7. c, d The expression of miR-4319 in GC tissues and cell lines was detected through RT-qPCR. e The efficiency of miR-4319 mimics was tested via RT-qPCR. f, g The interaction between circATXN7 and miR-4319 was verified by luciferase reporter assay and RNA pull-down assay. h The relationship between circATXN7 and miR-4319 levels in GC tissues was revealed via Spearman's correlation analysis. i The effect of miR-4319 upregulation on cell proliferation was estimated via colony formation assay. j TUNEL assay was employed to measure the effect of miR-4319 mimics on cell apoptosis. k Transwell assay was applied to test the effect of miR-4319 overexpression on cell invasion. **P < 0.01 (See figure on next page.) Zhang et al. Cancer Cell Int (2020) 20:25 was directly targeted by circATXN7 and acted as a tumor suppressor in GC. CircRNAs have been acknowledged to act as sponges for miRNAs in order to contest with mRNAs, hence elevating the level of target genes [31] . Disease-related reports have mentioned ENTPD4 in schizophrenia [32] and acquired immune deficiency syndrome [33] . However, ENTPD4 is a novel gene that has not been studied in cancers. Our present study showed that ENTPD4 was overexpressed in GC tissues and cell lines. Besides, ENTPD4 was validated to construct a negative relationship with miR-4319 and a positive relationship with circATXN7. Subsequently, we confirmed that ENTPD4 was a target gene of miR-4319. Through rescue assays, we observed that miR-4319 repression and ENTPD4 overexpression could countervail the suppressive effect of circATXN7 knockdown on GC progression. At last, the facilitating function of circATXN7 on GC tumor growth has been certificated via in vivo assays. All these data revealed the significant effect of the circATXN7/miR-4319/ ENTPD4 pathway on regulation of GC progression.
In conclusion, circATXN7 was identified as an oncogene in GC and promotes GC development through regulating miR-4319/ENTPD4 axis, which provided a new therapeutic target for the treatment of GC. The binding site between miR-4319 and ENTPD4 was presented. e The relationship between ENTPD4 and miR-4319 (or circATXN7) in GC tissues was revealed via Spearman's correlation analysis. f, g Luciferase reporter and RNA pull-down assays were used to confirm the interaction between ENTPD4 and miR-4319. *P < 0.05, **P < 0.01 Fig. 5 The circATXN7/miR-4319/ENTPD4 axis regulated the proliferation, invasion and apoptosis of GC cells. a The efficiency of miR-4319 inhibitor and pcDNA3.1/ENTPD4 was determined in MGC-803 cells. b-d CCK-8, colony formation and EdU assays were utilized to assess cell proliferation. e, f Flow cytometry and TUNEL assays were performed to test cell apoptosis. g Cell invasion was estimated by transwell assay. **P < 0.01 
